Procedures based on DNA hybridization and PCR were developed for quality control of Rhizobium inoculants. Inoculants for pea and goat's rue were produced by Elomestari Ltd., Juva, Finland, in sterile dry fine peat by the standard procedure used by the company. The inoculants contained Rhizobium galegae HAMBI 1174 and HAMBI 1207 and an R. leguminosarum biovar viciae strain, 16HSA, either solely or in combinations of two or three strains. DNA was isolated from 1-g samples of each peat inoculant and analyzed by nonradioactive DNA-DNA hybridization and by PCR. The hybridization probes were total DNAs from pure cultures of R. galegae HAMBI 1207 and R. leguminosarum biovar viciae 16HSA and a 264-bp strain-specific fragment from the genome of R. galegae HAMBI 1174. The total DNA probes distinguished inoculants containing R. galegae or R. leguminosarum, and the strain-specific probe distinguished inoculants containing R. galegae HAMBI 1174. The hybridization results for R. galegae were verified in a PCR experiment by amplifying an R. galegae speciesspecific fragment and an R. galegae HAMBI 1174 strain-specific fragment in the same reaction. When suitable probes and primers are available, the methods described here offer promising alternatives for the quality control of peat-based inoculants.
The cultivation of agricultural legumes such as alfalfa, clover, bean, pea, soybean, and peanut is of traditional importance for food and feed production in many countries. The general awareness of increasing soil and water pollution caused by the use of chemical fertilizers has also increased the importance of legumes. Because of the ability of rhizobia to fix atmospheric nitrogen in symbiosis with legumes, they represent a way towards environmentally sustainable agriculture. Rhizobia are thereby economically important not only for the increase of legume yields but also for the enrichment of soil with nitrogen for other crops. Because many soils lack rhizobia or the density of the rhizobia is too low for profitable legume cultivation, legume seeds should be inoculated with large amounts of a host plant-specific microsymbiont on their surface just before being sown to ensure efficient legume growth. On the other hand, Rhizobium populations present in the soil will affect the outcome of the inoculation (29) . Therefore, quality control is especially important when there is a high density of indigenous rhizobia present.
A whole branch of commercial inoculant manufacturers all over the world has arisen to satisfy the demand for inoculants with high densities of legume-specific microsymbionts (1, 6, 7, 10, 11, 15, 21, 22, 36) . In Canada alone, a report on 123 inoculant products from eight different manufacturers was published in 1992 (2) . The inoculants available are either liquid cultures of rhizobia or rhizobia mixed with a solid carrier material such as fine or granulated peat or silicon aluminate (2, 18, 21) .
Along with the increase in commercial inoculant production, there is an increasing demand for its quality control, which involves the verification of the identity of the inoculant strain and a check of the number of living cells in the inoculant (e.g., Ͼ5 ϫ 10 8 /g of peat). The most reliable control of any Rhizobium inoculant is the plant infection test, although it is quite laborious and takes at least 3 weeks to perform. Another type of control, often used in parallel with the plant test, is plate counting, which is rapid but does not distinguish between different Rhizobium strains unless they differ by some marker such as resistance to an antibiotic. This is a drawback when the inoculant contains several strains or when, as often appears to be the case with North American peat-based inoculants, the carrier has not been sterilized before inoculant preparation and thereby promotes extensive growth of contaminating bacteria (3, 37) . A more advanced quality control is possible by using monoclonal antibodies raised against individual inoculum strains. In Canada, monoclonal antibodies recognizing Rhizobium leguminosarum bv. trifolii and R. meliloti at the species level have been used to presumptively confirm package labeling of clover and alfalfa inoculants through immunoblot analysis of dilutions of inoculant plated on agar medium (17) . The use of monoclonal antibodies can be problematic in changing growth or storage conditions, because the antigens of an inoculum may also change, leading to a loss or variation of the specificity of the antibody. The production of specific antibodies may also involve some difficulties, and it can take 2 months to produce a new monoclonal antibody (38) .
The specificity of nucleic acid probes provides another approach for the rapid detection of bacteria from different samples. There are examples in the literature of the successful extraction, hybridization, and PCR amplification of DNA from soil samples (8, 19, 20, 25, 27, 32, 34, 35) , but the procedures need to be developed for different test materials and organisms separately. The application of DNA-based techniques for quality control of Rhizobium inoculants has not, to our knowledge, been described earlier.
The Finnish company Elomestari Ltd. produces commercially available, peat-based inoculants for legumes cultivated in
Finland. The quality of the inoculants is routinely tested by plate counting and plant infection tests.
The objective of this work was to evaluate the use of DNA extraction, hybridization, and PCR amplification for quality control of Rhizobium peat inoculants.
MATERIALS AND METHODS
Bacterial strains. The Rhizobium strains used in the peat inoculants were R. galegae HAMBI 1174 (resistant to 1,000 g of streptomycin per ml [Sm r ] and 500 g of spectinomycin per ml [Spc r ]; host, Galega orientalis), R. galegae HAMBI 1207 (Sm r ; host, Galega officinalis), and R. leguminosarum biovar viciae 16HSA (host, Pisum sativum) (4, 12) . The strains were grown on yeast extract-mannitol agar supplemented with Congo red (Merck, catalog no. 1340; 25 g/ml) and appropriate antibiotics at 28ЊC (14) and were maintained at 4ЊC for short-term storage. For long-term storage the strains were maintained freeze-dried.
Preparation of peat inoculants. We used gamma-sterilized peat bags prepared as in commercial inoculant production. The peat originates from Karjalansuo, Juva, and is highly humified black fuel peat with a pH of approximately 3.5 and an ash content of 2%. The peat was dried to 35 to 40% moisture content in the sun, milled in a hammer mill, supplemented with activated charcoal (approximately 10% of dry weight) and finely ground CaCO 3 (approximately 7% of dry weight) to adjust the pH to 6.5, and milled again. After the milling, the peat passed through a 2-mm screen, and about 50% passed through a 0.0625-mm screen. Finely ground peat was packed in polyethylene bags (approximately 110 g per bag), and the bags were sealed. The peat bags were sterilized by gamma irradiation (25 kGy; Kolmi-Set, Ilomantsi, Finland) before appropriate Rhizobium cultures were added. Rhizobium broth from the late-exponential growth phase was five-times diluted with sterile tap water (to contain 2 ϫ 10 8 to 5 ϫ 10 8 CFU of rhizobia per ml after dilution), and 40 ml was injected into each peat bag to give approximately 55% moisture in the peat. The peat was incubated at 26ЊC for 2 weeks to let the bacteria multiply. Duplicate samples were coded and sent to Helsinki. The number of viable rhizobia was determined at the same time, using a standard plate count method on yeast extract-mannitol agar plates supplemented with appropriate antibiotics to distinguish different strains. The preparations contained 10 8 to 10 9 cells per g of peat, as shown in Table 1 . The test laboratory in Helsinki had no information concerning strain composition and viable counts in the peat bags before analysis.
Isolation of DNA from peat samples. DNA was extracted from 1-g samples of inoculated peat by a protocol which was developed by combining and modifying the methods of Selenska and Klingmüller for isolation of bacterial DNA from soil (26) and of Ausubel et al. for isolation of bacterial total DNA (5). One gram of peat was suspended in 2.5 ml of lysis buffer (0.12 M Na 2 HPO 4 [pH 8 .0], 1% [wt/vol] sodium dodecyl sulfate [SDS], 0.1 mg of proteinase K per ml) and incubated at 37ЊC for 1 h with occasional shaking; 450 l of 5 M NaCl was then added to the samples and mixed thoroughly. Next, 375 l of CTAB-NaCl solution (10% cetyltrimethylammonium bromide in 0.7 M NaCl) was added to the mixture, which was carefully mixed again and incubated at 65ЊC for 20 min. The samples were then extracted with an equal volume of chloroform. A 0.5-ml volume of Phase Lock Gel (5 Prime 3 3 Prime, Inc., Boulder, Colo.) or, alternatively, silicone grease (Wacker-Chemie GmbH, Munich, Germany) was added to each tube and centrifuged for 15 min at 9,000 ϫ g at 4ЊC (Sorvall, rotor type SA600). The grease facilitates the collection of the aqueous phase. The aqueous phase was transferred to a fresh test tube, and DNA was precipitated with 0.7 volume of isopropanol at Ϫ20ЊC. The pellet was dried under vacuum and dissolved in 200 l of sterile distilled water (crude DNA). The yield was estimated by running aliquots of the crude DNA samples in 1% agarose gels and comparing them with DNA controls (undigested lambda DNA; Promega Corp.) of known concentrations. The gels were stained with ethidium bromide (EtBr) (0.5 g/ml in H 2 O) after electrophoresis. Fifty microliters of the crude DNA extract was further purified with the Magic DNA Clean-up kit (Promega) for DNA hybridization and PCR. Purification was performed, according to the instructions of the manufacturer, with a vacuum manifold (Vac-Man; Promega). DNA was eluted from the Magic purification resin with 50 l of 75ЊC distilled water, and the resin purification step was repeated once.
Extraction of genomic DNA from pure bacterial cultures. Genomic DNA was isolated from all strains by the CTAB method of Ausubel et al. (5) .
Preparation of DNA hybridization probes. Total DNA isolated from pure bacterial cultures was labeled with digoxigenin-dUTP by random-primed hexanucleotide synthesis with a DNA labeling and detection kit (Boehringer-Mannheim GmbH) with 300 ng of template DNA in a 20-l labeling reaction mixture. Ten microliters of the reaction mixture was added to 5 ml of hybridization solution. A 264-bp R. galegae HAMBI 1174-specific probe was labeled with digoxigenin-dUTP in a PCR with 10 ng of bacterial total DNA as a template, as described before (28) . Three microliters of the 20-l PCR mixture was used in 5 ml of hybridization buffer. The probes were denatured by being boiled for 10 min and used for hybridization immediately. The hybridization solution containing the probe was reused several times. It was stored at room temperature after hybridization and was denatured every time before use.
Blot preparation. Five microliters of each resin-purified peat DNA sample was denatured by being boiled for 10 min with subsequent chilling on ice, pipetted onto a nylon membrane (Boehringer-Mannheim) through a Bio-Dot apparatus (Bio-Rad), and immobilized by UV irradiation (254 nm) for 2 min. Several parallel dot blots were prepared for hybridization with different probes. Purified bacterial total DNA (about 50 ng per dot) was used as a positive control. H 2 O was used as a negative control in the preliminary experiments.
DNA hybridization. The prehybridization and hybridization were performed in 0.25 M phosphate buffer (pH 7.0) containing 5 mM EDTA and 7% (wt/vol) SDS. After 1 to 2 h of prehybridization at the hybridization temperature, hybridization was performed for 3 h at 68ЊC with the strain-specific probe and at 80ЊC with total DNA. After hybridization, the filters were washed twice for 5 min with 2ϫ SSC (20ϫ SSC is 3 M NaCl plus 0.3 M Na citrate, pH 7.0)-0.1% SDS at room temperature and twice for 20 min with 0.1ϫ SSC-0.1% SDS at the hybridization temperature. The detection of the hybrids was done according to the instructions of the kit manufacturer (DNA labeling and detection kit; Boehringer-Mannheim) with NBT (4-nitroblue tetrazolium chloride) and X-phosphate (5-bromo-4-chloro-3-indolylphosphate). Each hybridization experiment was repeated three times.
PCR primers. PCR primers were synthesized at the Institute of Biotechnology, Helsinki, Finland. Primers specific for the R. galegae HAMBI 1174 strain-specific a Determined from three replicated dot blots. Ϫ, no hybridization signal; ϩ, ϩϩ, and ϩϩϩ, hybridization signal with increasing relative intensity. b ϩ, amplification of the fragment; Ϫ, no amplification (both fragments can be amplified from strain HAMBI 1174, and only the 850-bp R. galegae species-specific fragment can be amplified from strain HAMBI 1207; none of these fragments can be amplified from strain 16HSA).
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264-bp fragment were described before (28) and have the following nucleotide sequences: P2755, 5Ј CCT TTC GCC TCG GTT CGG CTT C 3Ј; and P2756, 5Ј CGA GGC CGG GAT GAT TTG CTA TGA G 3Ј. Primers specific for the 0.9-kb R. galegae species-specific fragment are P3181 (5Ј CTG GGG CGA TGG GCG ATA ACT ACT G 3Ј) and P3182 (5Ј TGC TTG GAG TCG GTG CAA GTT TGG T 3Ј). The specificities of the primers will be described elsewhere. The amplified fragment is about 850 bp long.
PCR amplification. DNA samples from peat inoculants purified twice with the Magic DNA Clean-up system were diluted 20 times in sterile distilled water, and 1 l was added to 16 l of the reaction mixture, containing all the components but the enzyme. A hot start was performed as follows. A wax bead (histological wax; Difco 8825-19) was added to each tube, which was then briefly heated to 95ЊC and cooled to 4ЊC in the thermal cycler (MiniCycler; MJ Research, Inc.). One unit of DNA polymerase (DynaZyme; Finnzymes Inc., Espoo, Finland) was added to each tube in 3 l distilled water. The final reaction mixture (20 l) contained 1ϫ reaction buffer (DynaZyme; 10 mM Tris-HCl [pH 8.8], 50 mM KCl, 0.1% Triton X-100), 3.5 mM MgCl, 0.25 M each of the four primers, 50 M nucleotides, and 1 U of enzyme. Ten nanograms of purified genomic DNA of each strain was used in positive controls, and no template was added to the negative controls. An initial 3-min denaturation step (95ЊC) was followed by 25 cycles of a two-step PCR program (95ЊC for 30 s and 72ЊC for 2 min) and a final 5-min extension step (72ЊC). After PCR, 10 l of the reaction mixture was analyzed on a 1.5% agarose gel containing EtBr (0.5 g/ml). The electrophoresis buffer was 0.5ϫ TAE (5). The 10ϫ loading buffer contained 80% glycerol, 5 mM EDTA, 10 mM Tartrazine (Tartrazine ''Gurr,'' catalog no. 34150; BDH Ltd., Poole, United Kingdom), and 10 g of EtBr per ml.
RESULTS
Extraction of DNA from peat. Peat inoculants were prepared and packed into polyethylene bags according to the standard procedure of the company Elomestari Ltd., as described in Materials and Methods. The bacterial densities in the peat samples were verified by standard plate counts (Table 1) . Eight different peat samples, each in duplicate and containing three known strains either separately or in combination, and uninoculated controls were coded and sent for analysis to Helsinki. DNA was isolated from 1-g peat samples as described in Materials and Methods (Fig. 1A) . The crude DNA extract was dark brown and heavy enough to be loaded into a gel without any loading buffer, because of its high humic material content. The samples could be stored at room temperature for several months without notable degradation of DNA as determined with EtBrstained agarose gels. The estimated DNA yield was usually more than 10 g of DNA per g of peat when the inoculant contained Ն10 9 bacteria per g. DNA extracted from two of the samples (samples E and F) was not visible in the agarose gel even after extensive EtBr staining (Fig. 1A) . To confirm that this was not the result of technical mistakes during the DNA preparation, we repeated the DNA extraction from 1 g of these samples two more times, but we got the same results. It was later confirmed by hybridization and PCR that these samples contained uninoculated control peat. The DNA yields from the other samples were similar to one another as determined with gel electrophoresis (Fig. 1A) . Exact measurement of the DNA concentration was impossible because of the humic compounds, so we decided not to standardize the samples according to amounts of DNA but rather to use equal aliquots of them in our experiments.
Fifty microliters (25%) of the crude DNA extract was purified twice with the Magic DNA Clean-up system and eluted from the resin with 50 l of H 2 O. The resin-based purification step sheared the DNA (Fig. 1B) , but this did not affect the efficiency of DNA hybridizations or PCR analyses. Dot blot hybridization. Five microliters of each purified DNA sample (2.5% of DNA extracted from 1 g of peat) was applied to a nylon membrane and analyzed in dot blot hybridizations with three different probes ( Fig. 2; Table 1 ).
The presence of the strains R. leguminosarum 16HSA (samples G, H, I, J, M, N, O, and P) and R. galegae HAMBI 1174 (samples A, B, C, D, I, J, M, and N) was unambiguously determined in single-strain and mixed inoculants by hybridization with the total DNA probe from R. leguminosarum 16HSA and the HAMBI 1174 strain-specific probe, respectively. The total DNA probe of R. galegae HAMBI 1207 could distinguish the two R. galegae strains from R. leguminosarum 16HSA. The probe hybridized not only with its homologous DNA but also with HAMBI 1174 DNA, even though this signal was weaker. Because of the cross-hybridization and the lack of an HAMBI 1207 strain-specific probe, it was more difficult to decide from a sample containing strain HAMBI 1174 whether HAMBI 1207 was present in the same inoculant. The exact composition of each inoculant was determined, however, by three repeated hybridization experiments with all the three probes ( Table 1) .
Identification of the Rhizobium strains in the different inoculants could be performed within 3 or 4 days, including DNA extraction, dot blot hybridization, and hybrid detection. 
PCR.
The applicability of PCR for quality control of peat inoculants was studied by amplification of the 850-bp R. galegae species-specific fragment and the 264-bp HAMBI 1174 strainspecific fragment from DNA extracted from the inoculants. The similar properties of the four primers allowed the simultaneous amplification of the two fragments from strain HAMBI 1174 (samples A, B, C, D, I, J, M, and N). When only the species-specific fragment was amplified, it showed that HAMBI 1207 was present (samples G, H, K, and L) ( Fig. 3 ; Table 1 ). The presence of R. leguminosarum 16HSA could not be determined because of the lack of specific primers. It could not be distinguished whether strain HAMBI 1174 was present in the sample alone or together with any of the other two strains. It also could not be determined whether strain HAMBI 1207 was in the peat sample alone or together with R. leguminosarum 16HSA. The results of the PCR were in agreement with those of the hybridization experiments, indicating that PCR was not inhibited by sample impurities.
To see the effect of the resin purification on the amplifiabilities of the specific fragments, we performed experiments with peat A, which contained only the strain R. galegae HAMBI 1174 according to the hybridization and the PCR (Table 1) . We extracted and purified DNA from 1 g of peat as before, amplified DNA from different dilutions of crude extract, and resin purified DNA once or twice (Fig. 4) . The PCR amplification from the crude DNA extract was unsuccessful even after extensive dilution of the samples. The 264-bp species-specific fragment started to amplify from the 3,000-times diluted sam -FIG. 2 . Dot blot hybridizations of the samples from peat inoculants A to P (see the legend to Fig. 1 ). DNA probes were genomic DNAs of strains HAMBI 1207 and 16HSA and a strain-specific probe for HAMBI 1174. Dots A to P contain 5 l of twice-resin-purified peat DNA. Control dots contain 50 ng of purified genomic DNA from strains HAMBI 1207 (1), HAMBI 1174 (2), and 16HSA (3) .   FIG. 3 . PCR from the samples from coded peat inoculants A to P (see the legend to Fig. 1) . ⌽, X174/HaeIII marker (Promega); , lambda DNA digested with BstEII. Controls were purified bacterial DNAs from strains HAMBI 1174 (1), HAMBI 1207 (2), and 16HSA (3) and no DNA (Ϫ) .   FIG. 4 . PCR from crude extract and once-and twice-resin-purified DNA from peat A (inoculated with strain HAMBI 1174). The crude DNA extract was prepared as described in Materials and Methods. One hundred microliters of the crude extract was purified with the Magic DNA Clean-up system, and DNA was eluted from the resin with 100 l of warm distilled water. Fifty microliters of this preparation was purified again with the resin and eluted with 50 l of water. Each sample was diluted 25 times in distilled water, and then five-times serial dilutions were done. One microliter of each diluted sample was amplified in a 20-l PCR mixture as described in the text. Ten-microliter aliquots of the PCR mixture were run in a 1.5% agarose gel in 0.5ϫ TAE buffer and stained with EtBr. , lambda DNA digested with AvaII; a, crude DNA extract; b, once-resin-purified sample; c, twice-resin-purified sample. ple. After the first resin purification step, none of the fragments from the sample diluted 25 times were visible in EtBrstained gel, but both fragments were amplified from samples diluted 125 to 3,000 times. After the second resin purification, both fragments could be amplified from samples diluted 25 to 3,000 times. The identification of the inoculant strains, starting from the extraction of DNA from peat and finishing with the detection of the PCR-amplified fragments by agarose gel electrophoresis, could be performed in 1.5 days.
DISCUSSION
It has been shown before that DNA hybridization is applicable for the identification of rhizobia inoculated into 1-g soil samples (24) . In the present study, we were interested to see if the method could be used for peat inoculants routinely prepared in large quantities for agricultural use. We also wanted to see if individual strains from mixed inoculants could be identified.
We chose the peat-based inoculants as test material for several reasons: (i) they are regularly commercially produced by an established Finnish company, Elomestari Ltd., (ii) peat is one of the most popular carrier materials for Rhizobium inoculants in the world, and (iii) peat is a challenging, difficult material for both isolation and purification of DNA.
We applied a new DNA extraction protocol for analyzing the bacterial content of peat inoculants. We omitted freezingthawing, sonication, or other multistep treatments of the sample that are usually applied for the isolation of DNA from soil samples (9, 16, 30, 32, 35) , and we tried to minimize the use of harmful reagents. This DNA extraction method has worked well for different types of soil with different bacteria and DNA inoculation methods (data not shown). The DNA recovery (Ն10 g/g of peat) was comparable to those reported for different soil samples (27; for a review, see reference 31).
Different DNA purification methods were compared by Smalla et al. (27) with respect to restriction analysis and PCR amplification of the purified DNA. We applied a resin-based purification method which removed humic substances and other impurities so effectively that DNA was of good quality for hybridization and was amplifiable by PCR. It was previously shown that humic compounds inhibit DNA binding to hybridization membranes (23) and inhibit PCR (33) , and for this reason we decided to do the resin purification step twice before applying our samples to the hybridization membrane or to PCR.
The specificity of the applied hybridization probe depends on the genetic relatedness of the strains to be distinguished. In most cases total DNA probes can be applied, as in the case of the R. leguminosarum strain used in our experiments. On the other hand, as our closely related R. galegae strains (12, 13) show, the development of more specific (e.g., strain-specific) probes may be necessary in particular cases. In our experiment, having one strain-specific and two total genomic DNA probes, we were able to identify the Rhizobium strains inoculated into peat, even from mixed inoculants. The hybridization method is thus very promising for quality testing of peat inoculants.
In our PCR experiments we could not determine the exact composition of the peat inoculants because of a lack of sufficient primers, but the results of the hybridizations were confirmed. We were able to show that our DNA samples were clean enough for PCR amplification. In addition, we could simultaneously amplify two different target DNA fragments, using two sets of primers with similar melting points. When appropriate primers are available (e.g., strain-specific primers), the method is applicable for inoculant testing.
In our experiments we used peat that contained up to 2 ϫ 10 9 rhizobia per g at the time of sampling, which is the general density of commercially available peat inoculants of good quality. It was known from previous studies that hybridization with nonradioactive labeling and detection can detect as little as 10 pg of DNA isolated from soil, which corresponds to about 10 3 cells per g of soil sample (24) . PCR is theoretically capable of detecting one target molecule. However, impurities in the DNA samples extracted from soil constitute a major obstacle to achievement of a sensitivity of detection higher than 10 4 to 10 8 cells per g of soil (19) . After the resin purification, we did not have to extensively dilute our samples, which may improve the detection threshold by at least 1 order of magnitude. Considering also that the commercial inoculants should have bacterial densities of Ͼ5 ϫ 10 8 /g of peat, the results of our experiments show that PCR is sensitive enough to be used for inoculant quality control. If PCR-based quality control is used, most-probable-number PCR (19) or other suitable quantitative methods might be applied for the quantification of target bacteria in the inoculants.
Our DNA extraction protocol provided high-quality DNA usable for DNA hybridization and PCR amplification. The target bacterial strains were identifiable by both methods even in a dense background of nontarget bacteria. This makes these methods very useful, especially when inoculants containing several different strains are to be tested. The advantage of our applications is that intrinsic genomic characters can be used for identification of the strains without any need for using mutants, genetically engineered bacteria, or specific antibodies.
The DNA-DNA hybridization and PCR appear to be rapid tools for inoculant control, providing useful alternatives for the commonly used quality test methods, even if they cannot completely substitute for plant infection tests.
